Using glucose oxidase (GOx) and α-Zr(IV) phosphate nanoplates (α-ZrP) as a model system, a generally applicable approach to control enzyme-solid interactions via chemical modification of amino acid side chains of the enzyme is demonstrated. Net charge on GOx was systematically tuned by appending different amounts of polyamine to the protein surface to produce chemically modified GOx(n), where n is the net charge on the enzyme after the modification and ranged from −62 to +95 electrostatic units in the system. The binding of GOx(n) with α-ZrP nanosheets was studied by isothermal titration calorimetry (ITC) as well as by surface plasmon resonance (SPR) spectroscopy. Pristine GOx showed no affinity for the α-ZrP nanosheets, but GOx(n) where n ≥ −20 showed binding affinities exceeding (2.1 ± 0.6) × 10 6 M −1 , resulting from the charge modification of the enzyme. A plot of GOx(n) charge vs Gibbs free energy of binding (ΔG) for n = +20 to n = +65 indicated an overall increase in favorable interaction between GOx(n) and α-ZrP nanosheets. However, ΔG is less dependent on the net charge for n > +45, as evidenced by the decrease in the slope as charge increased further. All modified enzyme samples and enzyme/α-ZrP complexes retained a significant amount of folding structure (examined by circular dichroism) as
INTRODUCTION
Elucidating the details of enzyme/nanomaterial interactions could be of fundamental importance for the rational design of functional, stable, and robust enzyme-based sensors, 1 catalysts, 2 and devices. 3 The strong role of electrostatics in the interactions of anionic enzymes and anionic nanosheets was previously hypothesized, and binding has been dramatically improved by flipping the sign of enzyme charge. [4] [5] [6] Chemical control of the electrostatic interactions is vital to modulate affinity for the nanomaterial, activity, stability, and other critical properties of the enzyme. Quantitative binding data in support of the above protein/solid binding hypothesis have been elusive, so far. Using glucose oxidase (GOx) as a model enzyme and α-Zr(IV) phosphate (abbreviated as α-ZrP) as a model nanomaterial, a simple method is reported to control the enzyme/nanomaterial interactions in a predictable manner.
α-ZrP was chosen for the current studies because of its layered structure 7 which allows it to bind enzymes of a variety of sizes and shapes. 8 These nanosheets are strongly negatively charged with almost one electrostatic unit of charge per 25 Å 2 , strongly hydrated in aqueous suspensions, and enzymes bound to these nanosheets largely retained their secondary structure and catalytic activities. 9 The surface area of α-ZrP was estimated to be 100 m 2 /g, 10 thus providing opportunities to achieve high loadings of the enzyme per unit mass. 11 For example, proteins 8, 12, 13 and peptides 14 have been intercalated into the galleries of α-ZrP.
Together, these unique structural characteristics facilitated the study of electrostatic interactions at the enzyme/solid interface. Several useful applications utilizing α-ZrP have been tested including drug delivery, 15, 16 catalysis, 17 ion exchange, 18 and glucose sensing. 19 Furthermore, specific metal ions were successfully used to continuously tune the binding affinity of anionic GOx with the anionic α-ZrP nanosheets, 11 revealing that metal ions that have favorable interactions with the enzyme/solid increased the binding affinities the most. For example, GOx/α-ZrP affinity increased 380-fold in the presence of Zr(IV) and Ca(II) ions, due to their affinities for the phosphate groups of the nanosheets.
The role of enzyme charge on interaction with α-ZrP has been investigated using variously charged proteins and revealed a correlative increase in ΔH with protein charge. 8 Furthermore, the charge of glucose oxidase and hemoglobin has been flipped from negative to positive to enhance affinities with anionic nanosheets of α-ZrP by orders of magnitude, but increase in affinity as a function of systematic increase in enzyme charge has not been examined. 4 The design of rational methods to modulate enzyme binding to α-ZrP or other supports in order to enhance performance 20, 21 and enzymatic activities is an unmet challenge. 22 Biocatalysis has been the basis of a broad range of applications including the production of amines 23 and synthesis of bionanomaterials, 24 and the use of α-ZrP as a nanosupport for such applications is promising.
Glucose oxidase (GOx) was chosen for the current work because its net charge can be tuned over a broad range from −62 (pristine GOx) to very large positive values, as much as +95. The excellent tunability in charge could be useful in identifying strong trends in binding affinities. Binding of glucose oxidase to several solids including polymers, 25, 26 graphene nanocomposites, 27 and gold nanoparticle-zinc oxide nanostructures has been examined. 28 GOx was tested for applications in biofuel cells 29, 30 and sensors [31] [32] [33] [34] and for oxidations using ambient oxygen. For example, GOx catalyzes the oxidation of glucose to gluconic acid while reducing oxygen to hydrogen peroxide. 35, 36 The thermodynamic details of GOx binding to nanosheets and the influence of electrostatic interactions on the affinities are not well understood, but these details are important for practical applications of biocatalysts based on this important enzyme. 37 In this work, GOx charge was tuned over a large range and the effect of charge on the thermodynamics and kinetics of GOx binding to ZrP nanosheets has been examined. The COOH groups of GOx were coupled with triethylenetetramine (TETA) by 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC). GOx analogues, indicated as GOx(n), where n is the net charge on the enzyme after chemical modification, were examined in binding studies with α-ZrP. Our observations are presented below.
EXPERIMENTAL METHODS

Materials
Glucose oxidase from Aspergillus niger (GOx, 165 000 MW) was purchased from Calzyme Laboratories, Inc. (Tulelake, CA), and used without further purification. Triethylenetetramine (TETA) and 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide hydrochloride (EDC) were purchased from Sigma-Aldrich (St. Louis, MO). Solutions were prepared in 20 mM piperazine-N,N′-bis(2-ethane-sulfonic acid) sodium salt (NaPIPES) and 1 mM aqueous tetrabutyl ammonium hydroxide (TBA) (Sigma), pH adjusted to 7.0.
Preparation and Characterization of Exfoliated α-ZrP Thin Films
For SPR experiments, gold SPR sensors (from Reichert catalog no. 13206060) were cleaned with piranha (3:1 H 2 SO 4 /H 2 O 2 ) solution for 15 min, followed by soaking in ethanol for 20 min and rinsing with excess distilled water. The α-ZrP exfoliated with TBA was spin-cast (Specialty Coating System, model P6700, Indianapolis, IN) at 3000 rpm for 1 min. The α-ZrP coated sensor was dried at room temperature and immersed in reaction buffer overnight for SPR experiments.
Atomic force microscopy (AFM) and scanning electron microscopy (SEM) were used to characterize the α-ZrP films on the sensor chip. Scanning with an Asylum Research MFP-3D AFM (Santa Barbara, CA, USA) was used to assess the integrity of the film. The scans were taken in noncontact mode using Si 3 N 4 tips with a force constant of 40 N/m (according to the manufacturer) and a typical resonant frequency of 340 ± 20 kHz. Finally, energy-dispersive X-ray spectroscopy (EDX) analysis of the GOx(n) bound α-ZrP SPR sensor was used to measure the nitrogen weight percent after the protein was bound to the sensor surface.
Zeta Potential Measurements
A Brookhaven Zeta Plus zeta potential analyzer (Brookhaven Instrument Corporation, Holtsville, NY) was used for laser Doppler velocimetry studies to measure zeta potential, as described previously. 38 In a typical run, the suspensions were prepared using 6 mM α-ZrP and protein concentrations in the range from 40 to 50 μM in 20 mM NaPIPES buffer at pH 7.0. Sample measurements were done in a 4 mL polystyrene cuvette after equilibrating the samples for 30 min at room temperature. The zeta potential values were obtained from electrophoretic mobility of the suspension using a Smoluchowski fit 39 using Brookhaven Instrument v 2.3 software provided by the manufacturer.
RESULTS
Chemical Modification of Glucose Oxidase
The net charge on GOx was gradually increased from −62 (pristine GOx at pH 7, pI 4.3) 40 to +95 by reacting the −COOH residues of the enzyme with increasing amounts of TETA (10-30 mM), under specific conditions of pH, temperature, carbodiimide (EDC) concentration, and reaction time (Scheme 1). Two of the four TETA nitrogens of the modified side chain (pK a values = 9.20 and 9.92) 41 are expected to be protonated under these experimental conditions (pH 7). One nitrogen will contribute to the amide bond formation with the COOH group, and the pK a value of the fourth nitrogen is too low for protonation to occur. Therefore, a net gain of +2 is expected for every TETA appended to GOx, and this modification provided a strong chemical handle to control the charge of GOx(n) and provided a simple method to study the influence of enzyme charge on binding to α-ZrP nanosheets at a fixed pH. The resulting GOx(n) derivatives have been purified extensively by dialysis to remove unreacted reagents and byproducts, before using them for binding studies. Progress of the chemical modification reaction has been monitored by agarose gel electrophoresis which indicated a charge ladder of GOx(n) derivatives (Table S1 ) with decreasing negative charge or increasing positive charge, as presented below.
Agarose Gel Electrophoresis
The reaction mixture was analyzed by gel electrophoresis to monitor the progress of the chemical modification reaction (Figure 1 ). Chemically modified GOx-TETA samples were loaded into wells at the center of the gel (white boxes), so that enzyme migration would occur toward the oppositely charged electrode. GOx is strongly negatively charged at pH 7.0 (−62) 40 and, thus, migrated toward the positive electrode in the agarose gel ( Figure 1 , lane 1). Modified GOx samples migrated less toward the positive electrode or moved toward the negative electrode (lanes 3-8) depending on the extent of chemical modification, in a systematic manner. Thus, the net negative charge decreased gradually, until charge reversal occurred (lanes [5] [6] [7] [8] where the modified enzyme migrated toward the negative electrode. Variation of TETA and EDC concentrations yielded increasingly charged GOx(n) as a charge ladder. Protein modification was carried out by holding the TETA concentration constant (10 mM) and increasing the EDC concentration from 10 to 30 mM ( Figure 1 , lanes 2-7) in 5 mM increments to yield charge values of −45, +15, +25, +30, +40, and +60 as in lanes 2-7, respectively. Increasing the TETA concentration to 20 mM and the EDC concentration to 60 mM yielded a charge value of +70 (lane 8).
The charge on GOx(n) was determined relative to that of pristine GOx, under the same conditions of buffer, pH, and temperature, by measuring the average migration distances in each lane of the above agarose gel. Additional samples were prepared in batches and charges of each sample determined ( Figure S1 ), and the error has been estimated to be ±5 units. Charge determination was carried out on each batch independently. Samples from batch to batch were examined by agarose gel electrophoresis to determine average migration distances relative to that of the pristine GOx, which are used in turn to determine the net charge on the modified sample. Two key assumptions were made in the charge estimation: (1) enzyme size is unchanged after the chemical modification, so that it did not influence enzyme migration in the gel, and (2) enzyme charge is directly proportional to the distance of its migration under the influence of the applied electric field with no substantial interaction between the enzyme and the agarose matrix. The first assumption is reasonable because the TETA length is negligible when compared to the average diameter of GOx (54 Å), and appending these short chains onto the enzyme surface may not alter its diameter to a significant extent. The validity of the second assumption is reasonable because agarose is charge neutral, but there could be some H-bonding interaction between the amine functions of the TETA chains and the OH groups of the agarose matrix. 42 Indeed, we suspect that these H-bonding interactions could be responsible for the trailing bands seen in the agarose gels. Therefore, we also tested the estimated charge of one of the samples by mass spectral data, as described below to check our assignments of average charge.
The charge of GOx(+70) assigned by the gel electrophoresis method was also examined by mass spectrometry and m/z analysis. A peak shift from 142,896.3 Da observed for pristine GOx to 149,344.3 Da for the modified GOx indicated a total number of 44 TETA side chains per GOx(n), and had a net charge of +75. 43 Therefore, MS indicated a difference of +5 charge units when compared to electrophoresis methods. Thus, the error associated with the quantification of the number of net charge units by the agarose could be as much as ±5 units.
Circular Dichroism and Enzyme Activity Studies of GOx(n) Derivatives
In order to assess the effect of modification on enzyme structure, circular dichroism (CD) spectroscopy was used. The CD signal (millidegrees) per unit protein concentration (μM) and unit path length (cm) of the cuvette was calculated by appropriate division of the CD signals to obtain the signal as mdeg/μM/cm. The overall spectral shape of the purified GOx(n) sample was comparable to the spectral shape of unmodified GOx, and there has been substantial retention of the enzyme secondary structure after chemical modification. The far UV CD of GOx, for example, analyzed in 20 mM PIPES at pH 7 with a path length of 0.05 cm and normalized to enzyme concentration, showed peaks corresponding to α-helices (double minima at 210 and 220 nm) and β-sheets at 190 nm ( Figure 2A ). The CD spectrum of GOx(+45) (red curve) was comparable to that of GOx (blue curve), under the same conditions of path length, buffer, and normalized with respect to enzyme concentration, and all spectra were corrected routinely for any baseline drifts. The molar ellipticities of the modified enzymes (GOx(n)) ( Figure 2A , inset) were less than those of GOx in the 210-220 nm region. However, the molar ellipticities of GOx(n) samples at the 210-220 nm minima were within the range from 87 to 96% of unmodified GOx ( Figure  S2A ), indicating a significant retention of the secondary structure and some loss in the enzyme secondary structure has been noted.
Enzymatic activities of GOx(n) were determined and compared with that of the unmodified GOx ( Figure 2B ) by the standard assay using D-glucose as the substrate ( Figure S2B ). 44 GOx catalyzes the oxidation of D-glucose to gluconic acid with concomitant reduction of oxygen to hydrogen peroxide ( Figure S3 ). The enzyme, horseradish peroxidase (HRP), catalyzes the oxidation of guaiacol by hydrogen peroxide to form a colored product (absorption maximum at 470 nm) which is monitored as a function of time (Figures 2B and S2B).
Analysis of the linear portion of the kinetic traces ( Figure 2B , red curve) yielded an initial rate that is lower than that of unmodified GOx (blue line) under otherwise the same conditions. Initial rate reductions of GOx(n) were in the range from 33 to 60% ( Figure S2 ). These analyses revealed decreasing initial rates with increasing n, suggesting that amine conjugation has a negative effect and this could be due to some restriction to the active site or changes in the secondary structure noted in the CD spectra. Next, we examined the binding of representative examples of GOx(n) to α-ZrP nanosheets by isothermal titration calorimetry.
Isothermal Titration Calorimetry
The binding of GOx and GOx(n) samples (n = −20, +25, and +30) to α-ZrP nanosheets was directly monitored by ITC, at 25 °C (20 mM NaPIPES buffer at pH 7.0, Figure 3 ). Addition of a solution of GOx(n) (30-100 μM) from the automated syringe to an exfoliated suspension of α-ZrP (6 mM, 20 mM NaPIPES buffer at pH 7.0) in the calorimeter resulted in heat release. An exothermic response was observed with a plateau ( Figure 3A , blue lines). The dilution curves, representing the heat absorbed when protein solution in the syringe was injected into the calorimeter cell that was filled with buffer solution instead of α-ZrP solution ( Figures 3A and S4 , red lines), were offset from the titration by 5 μcal/mol, for clarity. The dilution data were subtracted from the titration data to obtain the corresponding corrected thermograms (Figures 3A and S4 , blue lines). The binding of anionic GOx (−20) to the anionic α-ZrP surface was exothermic. The integrated enthalpy data were fitted to a single set of indistinguishable, noncooperative binding sites ( Figure 3B , solid curves, eq S1). 45, 46 Interaction of GOx(+25) ( Figure 3B , black curve) or GOx(+30) (blue curve) with α-ZrP also showed binding similar to that of GOx(−20)/α-ZrP (red curve). The best fit to the data ( Figure 3B , Table 1 ) indicated a ΔH value of −371.3 ± 52.8 kcal/mol, a ΔS value of −1.2 ± 0.2 kcal/mol, a binding constant (K b ) of (2.1 ± 0.6) × 10 6 M −1 , and a ΔG value of −8.6 ± 1.8 kcal/mol for GOx (−20) , and similar values were obtained for GOx(+25) and GOx(+30) ( Figure 3B , curves have been offset for clarity).
The enthalpy change arising from addition of GOx(n) solution to α-ZrP was plotted as a function of the ratio of concentrations of GOx(n) to α-ZrP ( Figure 3B , dotted curves).
Enthalpy driven binding was observed here which could be attributed to the improved charge interactions with TETA chains, and these could also contribute to hydrogen bonding interactions with the anionic phosphate groups of the support. Along these lines, direct TETA titration with α-ZrP indicated strong exothermic binding ( Figure S4D ). On the other hand, titration of α-ZrP with a solution of pristine GOx, under the same conditions as above ( Figure S4E ) revealed that there has been no detectable heat release/absorption, supporting the hypothesis that GOx chemical modification with TETA facilitated enzyme interaction with the α-ZrP nanosheets. These data are further examined by SPR, which provided real time binding while using very small amounts of the enzyme.
Surface Plasmon Resonance
In a typical SPR experiment, a gold chip is mounted on a prism (Scheme 2) and incident light (laser) on the prism is reflected from the back surface of the gold chip. The amount of light reflected depends on the incident angle, above the critical angle, and the intensity is proportional to the refractive index of the medium adjacent to the surface of the Au layer. A thin α-ZrP layer was coated on the Au surface so that protein binding to the metal phosphate film induces SPR signal. Thus, the chip has been modified to examine protein binding to the metal phosphate in real time by a sensitive and simple method.
An optical detector develops the SPR response vs time signal at different incident angles or at a fixed angle based on the experimental protocol chosen. All our measurements were made at a fixed incident angle to extract the time dependence of the binding event. A solution of GOx(n) (positively charged, red sphere) is flowed over the coating of α-ZrP on the Au sensor chip using a syringe pump that introduces the sample via the inlet. The entire sensor assembly including a dual channel flow cell is mounted on the chip that receives incident light. As the protein binds to the metal phosphate coating, the SPR reflectivity changes in real time and the development of the SPR signal (SPR response vs time) is recorded by the detector.
A thin film of α-ZrP was spin-coated onto the SPR gold chip, and scanning electron micrographs (SEM) (scale bar 50 μm) of the α-ZrP sensor chip with one half uncoated ( Figure 4A ) indicated α-ZrP on gold (left) when compared to the bare gold surface (right). An atomic-force microscopy (AFM) image of the α-ZrP coated gold sensor ( Figure 4B ) showed the topography that indicated α-ZrP nanoplates bound to the surface of the gold chip, and the calculated roughness of this film has been estimated to be 160 nm (±35 nm). Solutions of (GOx(n)) samples were flowed over the sensor via the sample channel, while the reference channel had the flow of buffer alone with no protein.
A flow rate of 25 μL/min was used to flow samples at appropriate concentrations of GOx(n) in 20 mM NaPIPES buffer, pH 7, which indicated good signals with α-ZrP sensor. As an example, an increase in SPR signal corresponding to the binding of protein to the sensor chip with increasing concentrations of GOx(+20) (31.25, 62.5, 125, 250, and 500 nM) was observed, reaching equilibrium in about 4-6 min ( Figure 4C ). At this point, the flow was switched to buffer (without the protein) in both channels to monitor the dissociation kinetics. As this is progressing, a flat line in the reference channel was observed (see Figure S5) , which confirms that a flow through of PIPES buffer over the sensor did not interact with α-ZrP or produce any signal.
After the first run, the SPR chip was regenerated by flowing 0.05% sodium hydroxide (NaOH) for 30 s to remove the bound GOx(n) and then washed thoroughly with buffer ( Figure S5A ). The SPR sensor indicated excellent reproducibility after numerous regenerations ( Figure S5B ). The regeneration of the chip allowed for examining the SPR binding kinetics with a number of GOx(n) derivatives using the same chip so that there are no chip-to-chip differences. After the chip was thoroughly tested for reproducible binding kinetics, by multiple bindings of the same sample, the binding of other GOx(n) derivatives with n = +30, + 45, + 60, and +65 as well as other control studies ( Figure S6 ) have been examined.
The real time SPR experimental data of GOx(n)/α-ZrP onoff kinetic traces were deconvoluted with a 1:1 equilibrium binding model to yield the affinity constants, on-rates, and off-rates. The values of association constant (k on ), dissociation rate constant (k off ), equilibrium dissociation constant (K D ), and binding constant (K b ) were collected in Table 2 . The change in Gibbs free energy (ΔG) was calculated from the binding constant (K b ), and ΔG was plotted as a function of GOx charge (n) ( Figure 4D ). Initially, for the range of n values between +20 and +45, GOx(n)/α-ZrP affinity became rapidly favorable, as evidenced by the large negative slope. However, GOx(n)/α-ZrP affinity was less dependent on charge as n increased from +45 to +65.
Binding of the proteins to the SPR chip was further confirmed by examining the elemental composition of the sensor energy-dispersive X-ray spectroscopy (EDX) analysis after protein binding. The weight percent values of Zr, P, and N were determined to be 15.57, 9.69, and 2.10 wt %, respectively, indicating the binding of modified GOx(+60) on the α-ZrP surface ( Figure S6E ). There was no significant binding interaction between unmodified GOx and the α-ZrP nanosheets ( Figure S6F ), suggesting that binding is facilitated by amines appended to the GOx surface.
Zeta Potential Titrations
If enzyme charge has a significant impact on the affinity for α-ZrP, as demonstrated above, it would be interesting to monitor how the particle charge evolves as the binding proceeds. The change in surface potential was examined by zeta potential titrations of α-ZrP suspensions in the presence of increasing concentrations of few GOx(n) derivatives. One hypothesis is that, when GOx(n) derivatives bind to α-ZrP, the overall surface potential will be affected by four factors: the extent of enzyme binding, the enzyme charge, the initial charge on the nanosheets, and the involvement of ions, if any. If there is no participation of ions in the binding mechanism, then one might expect nearly neutral charge for the final enzyme covered nanosheets or the binding might stop when the charge is fully neutralized. However, often this is not the case and ions play a major role in controlling the surface potentials of these surfaces.
An increase in net GOx(n)/α-ZrP charge was observed when 3 mM α-ZrP was titrated with increasing concentrations of GOx(n) ( Figure 5 ). The zeta measurements are highly reproducible and had no precipitation on the experimental time scale. This could be due to the strong hydrophilic nature of the protein ligand, especially the modified GOx. The zeta measurements were carried out in triplicate, and errors have been statistically acceptable. The net charge increased from −40 to −10 when GOx(−40) was titrated with α-ZrP, providing direct evidence of enzyme binding to the nanosheets. Binding of anionic protein to the anionic solid increased the net charge to around −10 mV ( Figure 5 ). The decrease in charge when a negatively charged protein binds to a negatively charged nanosheet has been explained by counterion participation, discussed later.
Similar plateau values were also attained after the addition of >100 μM GOx(n) to α-ZrP suspensions for n values of −40, 0, +50, and +60 (gray, green, orange, and blue curves, respectively). The plateau position increased with increasing enzyme charge, which provided another direct evidence for enzyme binding to the nanosheets. This charge evolution may influence the bound enzyme structure, which was examined by CD spectroscopy and activity studies.
Circular Dichroism Studies of GOx(n)/ZrP
The secondary structures of GOx(n)/α-ZrP biocatalysts were assessed by CD spectroscopy and compared to the CD spectra of pristine GOx using 1-3 μM protein analyzed in 20 mM PIPES at pH 7. As an example, the spectral shape of the GOx(+45) bound to α-ZrP (GOx(+45)/α-ZrP, Figure 6A , red curve) was comparable to that of unmodified GOx ( Figure  6A , blue curve), indicating secondary structure retention of GOx(+45) after its complex formation with α-ZrP. CD spectra of the α-ZrP suspension alone ( Figure S7C ) indicated no significant light scattering, and voltage on the detector had values in the range from 550 to 725 V ( Figure S7D) within recommended values by the manufacturer. Thus, CD spectra of GOx(n)/α-ZrP were not affected by α-ZrP absorbance or light scattering to a significant extent, under these conditions of low absorbencies at 220 nm and short path lengths (0.05 cm).
The same trend was observed for all GOx(n) derivatives when bound to α-ZrP for values of n between +20 and +65 (GOx(n)/α-ZrP, Figure S7A ). However, there was some variability in the signal intensity at 220 nm ( Figure 6B ). While GOx/α-ZrP (brown bar) and GOx(+65)/ α-ZrP (green bar) showed comparable intensities to unmodified GOx (blue bar), GOx(+20)/ α-ZrP (black bar), GOx(+45)/α-ZrP (red bar), and GOx(+60)/α-ZrP (orange bar) showed reductions at the 220 nm peak minimum by 35, 20, and 27%, respectively, when compared to that of pristine GOx. A comparison of CD values of GOx(n)/α-ZrP with those of the corresponding GOx(n) is shown in Figure 6B .
Activities of GOx(n)/α-ZrP Biocatalysts
Initial rates and relative percent specific activities were determined from analysis of the linear portions (first 20 s) of the activity traces, as above, for GOx(n)/α-ZrP samples ( Figure  S7B ). Activities of the bound enzymes (GOx(n)/α-ZrP, Figure 7 , even numbered bars) were comparable to activities of the unbound analogues (GOx(n), Figure 7 , odd numbered bars) under the same conditions of pH, ionic strength, buffer, and temperature. Thus, enzyme/α-ZrP interaction had a minimal effect on bound enzyme activity, which is remarkable, and a promising result for biocatalysis applications.
However, as discussed earlier, there was some loss in activity due to chemical modification of GOx (34% for GOx(+20) (black bar #3) and 23% for GOx(+45) (red bar #5)). Furthermore, increased modification resulted in more than 50% loss in enzyme activity for GOx(+60) (orange bar #7) and GOx(+65) (green bar #9), suggesting that chemical modification facilitated binding but the extent of modification should be minimized for better activity. Activity decreased from 91% in the case of GOx/α-ZrP to 77% for GOx(+20)/α-ZrP and GOx(+45)/α-ZrP. A decrease in activity to less than 50% was observed for n ≥ +60.
DISCUSSION
Chemical modification of the enzyme side chains was used to tune enzyme charge over a very wide range and the results compared with earlier studies. 4, [47] [48] [49] [50] [51] Control of charge provided a strong handle to control interactions. Previously, 4 we have reported modification of GOx with TEPA where the net charge was flipped from net negative to net positive to trigger enzyme binding to anionic nanosheets. However, binding was examined with only one particular charge. Here, charge is continuously tuned over a broad range and binding kinetics/thermodynamics have been quantified for a number of charges. Thus, these enzyme charge ladders provided a powerful method to control the binding interactions between the enzyme and the nanosheets.
Enzyme binding to negatively charged nanosheets was described by the ion-coupled proteinbinding model (ICPB). 45 According to this model, cationic enzymes are surrounded by anionic counterions (Scheme 3). 52 Binding of positively charged proteins to negatively charged nanosheets would release the counterions from both the enzyme and the nanosheet and contribute to entropy increases (Scheme 3A). On the contrary, the binding of anionic protein (blue sphere) to anionic nanosheets requires sequestration of cations at the interface to offset interfacial charge buildup, at an entropic cost (Scheme 3B). In such cases, the binding is mainly driven by enthalpy loss which overcompensated for the entropy costs.
In support of the ICPB mechanism, protein binding to α-ZrP was influenced by counterion binding/release, protonation/deprotonation, and release of water molecules. 53 Here, the ICPB model is applied to test its validity or extension to apply to the current data. For example, the pristine GOx does not bind to α-ZrP nanosheets and this could be due to excessive charge repulsion (Scheme 3B).
In the case of GOx(n) derivatives, unfavorable charge repulsion is alleviated to varying extents, and the binding begins to appear as the enzyme charge is increased. Thus, the TETA modification of GOx helped binding to the negatively charged nanosheets due to at least two factors: (1) enhanced favorable charge on the enzyme and (2) direct interaction of the positively charged TETA side chains with the anionic α-ZrP phosphate lattice. Thus, introduction of a certain number of positively charged amine side chains neutralizes enough negative charge on the GOx surface to trigger binding and/or binding is mediated via the direct interaction of TETA chains with the nanosheets.
Binding of the GOx(n) derivatives to anionic α-ZrP has been enthalpy driven with an entropic penalty ( Table 1) . Enthalpy driven binding has been observed when negatively charged proteins like hemoglobin or myoglobin interact with the negatively charged α-ZrP surface, 54 and entropy driven binding has been observed when positively charged proteins like lysozyme and cytochrome c bind α-ZrP. 45, 55 In fact, these studies suggested a linear relationship between the net protein charge and the binding enthalpy.
The large favorable enthalpic changes observed here were nearly equal but opposite in contribution to the unexpected, large unfavorable entropic decreases (Table 1) . Above a threshold of charge, changes in ΔG due to GOx(n) binding with α-ZrP are small because the ΔS and ΔH terms, as a function of charge, nearly cancel out each other. This kind of balancing has been characterized as enthalpy-entropy compensation and has been widely discussed in enzyme binding to solid surfaces or protein binding to DNA. [56] [57] [58] Furthermore, the large magnitude of enthalpic changes observed in this study (ΔH and ΔS in the range of hundreds of kcal/mol) is probably due to the high affinity of TETA chains for the α-ZrP nanosheets, as observed from the binding data of TETA/α-ZrP (not shown) where a binding constant in the range of 10 8 M −1 was noted. The ITC thermograms are reported for only a few charges where the data could be analyzed with standard binding models. In order to obtain more comprehensive and reproducible data, while using small amounts, SPR experiments were carried out to fully evaluate the binding data with multiple samples.
On the other hand, there is evidence for favorable binding of TETA and TETA derivatives to anionic surfaces. Strongly enthalpic binding was noted when TETA binds to α-ZrP nanosheets ( Figure S3C, D) . Binding of Hb-TETA derivatives to negatively charged poly(acrylic acid) (PAA) was also enthalpy driven, and there was a correlative increase in ΔH with increasing Hb-TETA charge. 59 These suggest a meaningful role for TETA at the binding interface, wherein TETA side chains are associated with enthalpy driven binding as in the present studies.
The ICPB mechanism predicts that binding of oppositely charged partners releases counterions from both binding surfaces, since each surface functions as a counterion for the other surface. Binding, under these circumstances, would be under entropy control at an enthalpy penalty of removing counterions from the charged surfaces. Clearly, this is not the case here with n = +25 and +30 (Table 1) , and suggests that additional factors dominate the binding thermodynamics. For example, the direct interaction of the TETA side chains with the phosphate lattice, hydrogen bonding, and protonation of the TETA side chains as they are brought closer to the anionic nanosheet would also contribute to the binding thermodynamics.
Additionally, further probing of these charge dependent binding interactions between the positively charged GOx and anionic α-ZrP surface was quantitatively determined by surface plasmon resonance spectroscopy. Surface plasmon resonance (SPR) is a powerful label free and ultrasensitive technique to probe the live monitoring of biomolecular interactions occurring in extremely close vicinities of sensors where the environment is very sensitive to refractive index change of the sensing medium. [60] [61] [62] [63] Several previous studies have been used. The various immobilization strategies on the conventional Au sensor include the selfassembled (SAM) molecular monolayers, 64 various functional polymers, 65, 66 targeted immobilization of bioreceptors, [61] [62] [63] gold nanoparticles, quantum dots, 67 and other highly refractive graphene based plasmonic materials, 68, 69 which basically improves the sensitivity by means of both surface area and plasmonic properties material. In this study, we spincoated the α-ZrP onto the Au sensor to get more uniform thin films, which facilitated the more reproducible SPR experiments. α-ZrP is a special inorganic material known to bind both positively and negatively charged proteins with high affinity.
The binding kinetics of the positively charged GOx(n) ranging from n = +20 to n = +65 with the α-ZrP sensor was studied by the SPR angle or refractive index change after addition of various concentrations and charges of GOx(n) solution to the SPR probing cell ( Figure 4C and Figure S6A-D) . When the reaction reaches equilibrium, the association and dissociation rates of the protein GOx(n) on the α-ZrP surface are equal. Following the protein injection, the buffer flowed and dissociation of GOx(n) is monitored. The kinetics are sensitive to all stages which include the association phase (i.e., GOx(n) binds to the α-ZrP sensor surface), an equilibrium phase (when on-and off-rates are equal), and the dissociation phase (i.e., buffer rinsing washes away the loosely bound GOx(n) from the α-ZrP sensor surface). All of these kinetic events were quantitatively estimated using a 1:1 equilibrium binding model, and its corresponding kinetic equations are described in the Supporting Information (eqs S2-S4). The individual rate constants for association (k on ), dissociation rate constant (k off ), equilibrium dissociation (K D ), and binding constants (K b ) were placed in Table 2 . The degree of affinity (binding constants (K b )) was calculated as a ratio of on to off rate constants.
In Table 2 , the equilibrium binding constant (K b ) against various GOx(n) charges resulted in a significant increase in affinity toward the α-ZrP solid surface. Unmodified GOx did not show any binding with the α-ZrP solid surface. Furthermore, the SPR binding constants observed here (Table 2 ) are an order of magnitude higher than those reported for ITC measurements (Table 1 ). There is a correlative relationship between the value of n (GOx(n) net charge) and the binding constant, since ITC measurements were in the range from n = −20 to n = +30 and SPR measurements were in the range from n = +20 to n = +65. Together, these data suggest a minimum number of amines required for GOx(n)/α-ZrP association and that at a GOx(n) minimum charge of +20 and beyond this threshold a significantly linear relationship is observed between the value of n and the GOx(n)/α-ZrP binding constant.
Further thermodynamic analysis of SPR binding constants indicates that the GOx/α-ZrP binding affinity is strongly dependent on electrostatics, as evidenced by the sharp decline in Gibbs free energy (ΔG) as the GOx unit charge is increased over the range from n = +20 to n = +45 ( Figure 4D ). The large negative slope in this charge range suggests the dominant role of electrostatics at the GOx/α-ZrP binding interface due to an increasingly favorable ΔG.
For n values from +45 to +65, ΔG is less dependent on electrostatics, as evidenced by the large reduction in the slope over this charge range. This could be due to an increasing role of H-bonding and van der Waals interactions due to an increasing number of amines on the GOx surface. In fact, these data indicate a threshold number of amines below which there is ΔG charge dependence and above which other factors make a significant contribution to the binding thermodynamics. We recently reported a charge threshold of +30 for the binding of GOx(n) to double helical DNA. 43 However, there are many differences between the two, and one is that GOx(n)/α-ZrP interaction is observed even when n = −20. However, there is no observable GOx(n)/DNA interaction below n = +30. While the nanosheets are relatively nonflexible, the DNA helix is often considered as a flexible rod. Also, the charge densities per unit area in the case of nanosheets and charge density per unit length of DNA are also expected to play critical roles and may explain the differences in the binding thermodynamics between the two systems.
Zeta potential studies ( Figure 5 ) provided an interesting physical insight into the binding interactions. For example, these revealed that titration of GOx(+50) resulted in a final product with a net surface charge on the GOx(+50)/α-ZrP being nearly neutral. This implies that the enzyme/solid complex has nearly equal numbers of oppositely charged ions. However, considering the high charge density of α-ZrP (1 charge/25 Å 2 ) 10 and large cross section of GOx (approximated as a sphere with a diameter of 55 Å and area of cross section 2375 Å 2 ), there will be considerable charge differential between the two binding surfaces. To achieve the observed surface charge of ~0 in the zeta potential titrations of these samples, sequestration of a large number of cations (up to +50) to the interface between the enzyme and the nanosheet is required. This scenario is consistent with the ICPB mechanism. However, these estimates are rudimentary, as they do not include the contributions of the TETA side chains to the binding and also assume that the entire charge of GOx(n) is present at the proposed contact area. Circular dichroism findings reported here ( Figures S2A and S7A ) indicate structure retention of GOx after chemical modification and binding of the modified GOx(n) derivatives to α-ZrP. However, while the CD intensity of the GOx(+65)/α-ZrP complex was comparable to the intensity of unmodified GOx, there was a reduction in intensities at the 220 nm minimum over the range from 20 to 35%. The key finding is that binding of the GOx(n) to the nanosheets did not introduce any additional loss of structure. This interpretation was supported by the activity data. The enzymatic activity was not affected by interaction of GOx(n) with the nanosheets, indicating potential applications in sensing, catalysis, and device fabrication. However, the observed loss in activity due to TETA modification is in contrast to an increase in activity with TEPA modification. The reason for this difference is unknown at this time. Novel platforms for the immobilization of GOx are currently being explored. 70 In this study, we have modified GOx to facilitate its binding to α-ZrP and we have quantified the thermodynamics of binding while GOx activity was unaffected. These data will contribute to the understanding of the underlying mechanisms implicated in GOx immobilization.
CONCLUSIONS
This is the first report of tracking protein binding to the layered solid, α-ZrP, by SPR, to the best of our knowledge, and it provides a real-time means to monitor both thermodynamics as well as kinetics of enzyme binding. The chemical modification of the enzyme resulted in a charge ladder of enzymes where each variant remained enzymatically active, and increased charge increased the binding affinity, initially rather slowly and later more rapidly. For example, SPR data clearly show that the binding affinity improved 2 orders of magnitude when the charge was increased from +20 to +65. Even at the highest affinity, the enzyme remained active and the enzyme/solid complex maintained activity.
Binding of GOx(n) to α-ZrP is an enthalpy driven process in the range from −280 to −430 kcal/mol with an entropic penalty in the range from −0.9 to −1.4 kcal/(mol K). However, binding shows only minor improvement in Gibbs free energy (−9 kcal/mol), initially. This shallow dependence on charge is followed by a more steep increase in binding free energy.
The ΔH values observed here are an order of magnitude higher than those reported for Hb-TETA binding to poly(acrylic acid). 59 This is probably due to the increased amount of surface carboxyls available for conjugation of TETA to GOx when compared to Hb. SPR studies revealed a strong relationship between GOx(n) charge and the binding constant for values of n between +20 and +65, at which electrostatics dominate the binding. The binding constant increased linearly with n, for n = +20 to n = +65, and had a large positive slope. Thus, the binding constant can be dialed up as desired, even though this came at a price of enzyme activity. Perhaps, there could be better chemical modification methodologies that would achieve high affinities with less impact on enzyme activity. In addition to electrostatics, there could be additional contributions from H-bonding, iondipole interactions, and van der Waals interactions with increasing numbers of TETA chains on the modified GOx. In fact, these data indicate a threshold number of amines below which there is weak ΔG dependence on charge and, above the threshold, the binding thermodynamics are readily controlled by chemical modification. Initial rates of the enzyme activities and enzyme structure after adsorption to the solid are not adversely affected, but there are substantial decreases in specific activities at high charge. Thus, chemical modification needs to be carried out with caution, but it can be used to rationally tune the binding affinities, as demonstrated here. Thus, the chemical modification method tested has potential for controlling the binding interactions with the solid in a predictable manner. Agarose gel of GOx and GOx(n) conjugates at pH 7.0 in 40 mM Tris-acetate. Samples were spotted at the center of the gel, and they migrated to the opposite electrode. Net charges estimated from the electrophoretic mobilities of samples in each lane are shown at the bottom. (A) Circular dichroism spectra and (B) initial enzymatic activities of GOx(+45) (red curves) compared to those of GOx (blue curves). The initial activity of GOx(+45) (red line) showed reduction in initial rate by 23% when compared to that of GOx. Zeta potential titration of α-ZrP (3 mM) with GOx(n) at 25 °C in 20 mM PIPES buffer, pH 7.0. GOx charge (n) was varied from −40 to +60 as marked. In each case, the charge gradually increased from −40 and reached a plateau which was not necessarily at zero charge. Circular dichroism spectra of GOx(n)/α-ZrP when compared to GOx: (A) Circular dichroism spectra of GOx (blue) and GOx(+45)/ZrP (black). GOx α-helical structure is retained after GOx conjugation to TETA and complex formation with α-ZrP to yield GOx(+45)/α-ZrP. (B) Ellipticities of GOx (blue bar), GOx/α-ZrP (brown bar), GOx(+65)/α-ZrP (green bar), GOx(+20)/α-ZrP (black bar), GOx(+45)/α-ZrP (red bar), and GOx(+60)/α-ZrP (orange bar). Relative specific activities of GOx(n)/α-ZrP and GOx(n), as marked, under the same conditions of buffer, pH, and temperature. These activities of GOx(n) derivatives were calculated as a percentage of the specific activity of unmodified GOx.
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